We used long-term in situ 15 N labeling of the soil to investigate the contribution of the two main nitrogen (N) sources (N uptake versus N reserves) to sun shoot growth from bud burst to full leaf expansion in 50-year-old sessile oaks. Recovery of 15 N by growing compartments (leaves, twigs and buds) and presence of 15 N in phloem sap were checked weekly. During the first 2 weeks following bud burst, remobilized N contributed ~90% of total N in growing leaves and twigs. Nitrogen uptake from the soil started concomitantly with N remobilization but contributed only slightly to bud burst. However, the fraction of total N due to N uptake increased markedly once bud burst had occurred, reaching 27% in fully expanded leaves and 18% in developed twigs. In phloem sap, the 15 N label appeared a few days after the beginning of labeling and increased until the end of bud burst, and then decreased at full leaf expansion in June. Of all the shoot compartments, leaves attracted most of the absorbed N, which accounted for 68% of new N in shoots, whereas twigs and new buds accounted for only 28 and 3%, respectively. New N allocated to leaves increased from unfolding to full expansion as total N concentration in the leaves decreased. Our results underline the crucial role played by stored N in rapid leaf growth and in the sustained growth of oak trees. Any factors that reduce N storage in autumn may therefore impair spring shoot growth.
Introduction
Among mineral nutrients, nitrogen (N) is a growth-limiting factor for trees in natural forest ecosystems with low anthropogenic N input (Rennenberg et al. , 2009 . In floodplain forests characterized by an open ecosystem N cycle, trees are often exposed to a through flow of nitrate (NO 3 ), which is the predominant N source (Rennenberg et al. 2010) . By contrast, in forest ecosystems that develop on soils with limited N availability, reduced N compounds such as amino acids and ammonium (NH 4 ) are the dominant N sources for trees (Rennenberg et al. 2009 ). For deciduous broadleaved species growing under these conditions, e.g., European beech (Fagus sylvatica L.) and oaks (Quercus spp.), growth is seasonal (Rennenberg et al. 2010 ) and new leaves develop over a few weeks in spring or in a few short-term flushes that occur throughout the growing season (Kozlowski 1971) .
Seasonal N cycling is a requisite component of the perennial lifestyle (Staswick 1994 , Stepien et al. 1994 . In deciduous trees, N is withdrawn from senescing leaves in autumn, and then stored during winter in the form of amino acids and vegetative storage proteins in the bark and wood parenchyma of perennial organs such as roots and stem (Stepien et al. 1994) . In early spring, the internal cycling of stored N allows deciduous trees to sustain growth (Millard 1996) , particularly when the environmental conditions for N uptake from the soil are not optimal (Murray et al. 1989, Cooke and Weih 2005) .
Contrary to carbon (C) remobilization that is sink driven, N remobilization in spring is source driven (Millard and Grelet 2010) and is not affected by N availability in the soil during the growing season (Millard 1996) . Leaf growth is the strongest sink for this N remobilization during spring, with remobilized N reaching up to 90% of the total N used for leaf growth (Millard 1996 , Neilsen et al. 1997 . Most of this remobilization usually occurs before there is much root uptake (Millard and Proe 1991) . The relative contribution of remobilized N and root-supplied N to leaf growth is dependent on soil fertility (Millard 1996) and on tree age (Miller and Miller 1987) . Soil N availability during the previous years affects the amount of internally stored N and consequently the amount of N remobilized for spring growth (Frak et al. 2005) . Moreover, tree organ biomass increases substantially with age (Bernardo et al. 1997) , thus making the N content of perennial organs, and subsequently their storage capacity, increase as they get older (Harrison et al. 2000) . This is especially true at the branch and stem level. In both adult beech and oak species, it has been demonstrated that the stem is the major storage compartment for proteins (Valenzuela et al. 2010 (Valenzuela et al. , 2011 .
To date, most studies investigating N sources used for leaf and shoot growth in trees have been carried out on saplings growing under controlled conditions in sand culture pots (Millard and Grelet 2010) . To our knowledge, few studies have investigated N sources for spring growth in field-grown trees, but see Millard (1994) for 6-year-old spruce, 8-year-old maple and 10-year-old cherry (Millard et al. 2006) .
In spring, a high C remobilization has been shown to occur in adult sessile oak trees [Quercus petraea (Matt.) Liebl.], a deciduous porous ring species common in north-eastern France Bréda 2002, Barbaroux et al. 2003) . This spring C remobilization is accompanied by changes in total soluble protein distribution among tree compartments (Valenzuela et al. 2011 ). However, Valenzuela et al. (2011 pointed out that it was not possible to determine if these changes in N used for spring growth resulted from current uptake or reserve remobilization. Using 15 N labeling to distinguish N uptake from N remobilization (Millard 1996) could help fill the gap in knowledge, but such labeling methods have so far been mostly restricted to young trees due to the difficulty of applying 15 N labeling methods at the forest scale (Millard and Grelet 2010) .
The aim of the present study was to identify, in the forest, the source of N used for the growth of current-year shoots in 50-year-old sessile oak trees. Our experimental approach was original and challenging, and involved long-term 15 N labeling of the NO 3 and NH 4 pools in soil around three trees from bud burst to full leaf expansion. The recovery of labeling in leaves, twigs, buds and phloem exudates was analyzed weekly during shoot growth in order to distinguish N uptake from remobilized N. The results were then compared with current knowledge of the internal N cycle in forest trees.
Materials and methods

Study site and soil description
The study was conducted in a pure stand of naturally regenerated sessile oak [Q. petraea (Matt.) Liebl.] in the state forest of Champenoux, France (48°44′ N, 6°14′ E, elevation 237 m). Mean annual temperature was 9.2 °C and mean annual precipitation was 744 mm. In 2009, dominant oak trees were 20 m high and 50-55 years old. Stand density stood at 2553 stems ha −1 and basal area was 26.7 m 2 ha −1 . The maximum stand leaf area index (LAI) was 6.1 in 2009 as estimated by litter collection during autumn. Stand LAI progression during spring was derived from the canopy interception of global radiation based on above-and below-canopy measurements following Bréda (2003) . Radiation was measured every 10 s, and 30-min averages were calculated and stored in data loggers (Campbell Scientific, Courtaboeuf, France). Below-canopy global radiation was measured using a 1-m-long tubular solarimeter (Delta-T device, Cambridge, UK) placed 1 m above the soil level. Incident global radiation was measured with a pyranometer (CMP6, Kipp and Zonen, The Netherlands) at an INRAmonitored weather station near the study site.
The oak stand was located on a cambisol (WRB 2006) lying on deep loam, as described in Bréda et al. (1995) . The upper horizon, consisting of a silty clay loam, presented a crumb structure. Hydromorphic spots appeared below 30 cm. Just below this upper compartment, a clay-enriched horizon (Bt) with a clay content of ~45% lay between 60 and 80 cm depth. Below 1 m, clay content gradually decreased while bulk density increased to 1.55 at 1.15 m depth. Site fertility was high; the humus type was oligo-mull, and N content in the upper organic layer (horizon A1) was 2.14 g kg −1 (C/N of 13.5).
N labeling design
Three dominant oaks, designated as N1, N2 and N3, with stem circumferences at breast height of 724, 754 and 898 mm, respectively, were selected for the labeling experiment. The three oaks were situated in a separate 84-m 2 (14 m × 6 m) plot inside the study site. The sparse ground vegetation (hornbeam sprouts, Anemone nemorosa, etc.) was removed from the plot in November 2008 (i.e., after leaf fall) and again at the end of March 2009. Since plant litter may retain a significant amount of the label (May et al. 1996) , all litter was removed from the soil surface and the plot was carefully cleared just before labeling. The cleaned plot was then divided into 1 × 1 m squares and covered with black plastic sheets to prevent vegetation regrowth and to avoid leaching of the tracer in case of rain (Figure 1) . Finally, the plot was enclosed in a wire fence to prevent any disturbance.
The 15 N tracer was applied weekly from 10 April (day of the year (DOY) 100) before bud burst to 7 May (DOY 166; see Figure 2 ) when bud burst was completed. On the day of application, 10 g of 15 (Cambridge Isotope Laboratories, Inc., Andover, MA, USA) were carefully dissolved in 1000 l of freshly deionized water and then applied to the soil around the trees (Figure 1 ). Each square meter was uniformly watered with 10 l of the 15 N solution ( Figure 1) . Thus, 0.12 g m −2 of 15 NH 4 15 NO 3 (i.e., 0.044 g 15 N m −2 ) was provided weekly. After each application, the soil surface was covered back with the plastic sheets.
Bud burst monitoring
Bud burst of the studied trees was monitored with binoculars every 2-3 days from the beginning of April to mid-May 2009. Bud development was described according to a six-stage scale (dormant winter buds, swollen buds, broken buds, newly unfolded leaves, completely unfolded leaves and developed leaves with shoot elongation). Bud burst was completed when the tree reached the unfolded leaf stage (Bréda and Granier 1996) ; this stage corresponds to the onset of both leaf expansion and an increase in LAI.
Soil sampling, water content and N analyses
Before any application of the tracer, three soil samples were randomly collected with an auger around each tree to determine the 15 N natural abundance in the soil. Then, before each 15 N tracer application, three more soil samples from randomly selected points around each tree were collected. Soil samples were separated into five depth categories corresponding to 10-cm intervals from the silty horizons down to 50 cm in depth where the accumulated clay horizon started. The samples from different depths were collected in separate boxes and stored at 4 °C until the water content was determined and the nitrate and ammonium were extracted. Soil samples were homogenized by sieving them through a 4-mm mesh. In the laboratory, gravimetric soil water content was determined on 40-g sub-samples of soil that had been dried for 48 h at 105 °C. Mineral N (N-NH 4 + and N-NO 3 − ) was extracted after shaking 40 g of fresh soil with 200 mL of 2 M KCl for 1 h. N-NH 4 + and N-NO 3 − concentrations were determined in filtered extracts using a continuous flow colorimeter (Skalar SA 5000, Breda, The Netherlands). Abundance of 15 NH 4 + was analyzed by the micro-diffusion technique (Kelley et al. 1991, Sorensen and Steen Jensen 1991) . Magnesium oxide (Fluka, ref. 416415/1, Sigma-Aldrich Chemie S.a.r.l., SaintQuentin Fallavier, France) was added to the solution to recover NH 4 + on a fiber-glass filter paper soaked with 2.5 M KHSO 4 . After 1 week, the filters were removed, dried in a desiccator and analyzed. N-NO 3 − was only found at low concentrations in the soil extracts and this prevented us from directly evaluating its 15 N signal by mass spectrometry.
Plant material
To collect samples, two sun shoots were shot from the crown of each tree. To determine natural 15 N abundance, the first shoots were collected on 10 April (DOY 100), just before bud burst began and before the first 15 N application. Thereafter, six shoots (two per tree) were sampled before each weekly labeling application until the end of leaf expansion (mid-June, DOY 166). At each sampling date, the six shoots were separated into leaves, buds (2008 or 2009) and twigs (2008 or 2009) and then frozen in liquid nitrogen in the field. Frozen plant samples were then taken back to the laboratory and stored at −80 °C (−86 °C Freezer ® Forma Scientific ® , Marietta, OH, USA) before freeze-drying (Dura-Top ® , Dura-Dry ® FTS Systems ® , Stone Ridge, NY, USA). Freeze-dried leaves, buds and twigs were weighed and ground to a fine powder with a laboratory mill (CEPI SODEMI ® CB2200, Cergy, France) and then stored in the dark in airtight vials until isotopic analyses.
Collection of phloem sap
Two small disks of bark (12 mm in diameter) were collected from each oak tree at 1.3 m height with a corer (Gessler et al. 2004 ). The first samples were collected prior to labeling to determine their 15 N natural abundance. The inner bark tissue was placed in a 10 ml vial containing 2 ml of ultrapure water and then left to incubate for 5 h at ambient temperature, as described by Rennenberg et al. (1996) . Next, the phloem extract solution was filtered in a nylon cartridge (Fisherbrand, 0.2 µm Nyl., diameter 25 mm, ref. W5173P) and vacuum evaporated for 4 h (Maxi-Dry Plus, Heto-model DW1, 0-110, Heto-Holten A/S, Allerod, Denmark). The dried extracts were weighed and then diluted with ultrapure water. A 60-µl aliquot of the resulting solution (containing from about 0.8 to 1 mg of dried phloem extract) was transferred into tin capsules (Elemental Microanalysis, Okehampton, UK, 6 × 4 mm, ref. D1006, BN/139877), freezedried (Lyophilizer Christ, Alpha 1-2 LD plus, Osterode, Germany), weighed and analyzed by mass spectrometry.
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Isotopic and elementary analyses
Total N concentration and 15 N isotopic abundance in the dry matter of shoot compartments (2-3 mg), phloem sap (0.8-1 mg) and fiber-glass filters (≈50 µg) were measured with an elemental analyzer (NA 1500 NCS, Carlo Erba, Milan, Italy) coupled to a Delta-S isotopic ratio mass spectrometer (Finnigan-Mat, Thermoquest Corp., San Jose, CA, USA). Analyses were carried out at our Plateforme Technique d'Ecologie Fonctionnelle (OC 081, INRA, Champenoux, France).
Isotopic calculations
The isotopic abundance for N in atom% (A N %) is defined as
The relative specific allocation of new N (RSA N ), which describes the fraction of newly incorporated N relative to the total N in a given compartment (Deléens et al. 1994) , was calculated as:
where A N, labeled compartment is the 15 N abundance of the labeled plant compartment, A N,unlabeled compartment is the 15 N abundance of the unlabeled plant compartment (0.36266 atom% ± 0.000295), A N,labeled soil is the 15 N abundance of the soil between 0 and 30 cm (1.32 atom% ± 0.11) and A N, unlabeled soil is the 15 N abundance of the unlabeled soil (average value of 0.36658 atom% ± 0.000439). The isotopic signal of the 15 N-NH 4 atom% of the soil between 0 and 30 cm, determined by mass spectrometry throughout the experiment, was quite stable (average value of 0.85642 atom% ± 0.065342). The level of nitrate in the soil was too low to be analyzed by mass spectrometry, so the isotopic signal of the 15 N-NO 3 atom% of the soil was assessed by calculation. 15 N-NO 3 was brought to the soil in absolute amounts equal to 15 N-NH 4 (NH 4 NO 3 was 98% 15 N) but was diluted in N pools that were very different in size (NH 4 = 18.24 mg NH 4 kg −1 ; NO 3 = 0.26 mg NO 3 kg −1 ). We therefore estimated that the label in the nitrate pool was at most 34.64 atom% in the NO 3 pool, while it was 0.86 atom% in the NH 4 pool, thus resulting in an A N, labeled soil value of about 1.32 atom%.
The content of newly incorporated N in each shoot compartment (buds, leaves and twigs) was calculated as follows: 
Results
Water content, N pools and 15 N enrichment of the soil
Soil water content (% dry soil) in the upper 50 cm of soil was stable and close to field capacity during the study period: about 37.2% at a depth of 0-10 cm, 31.6% at 10-20 cm, 28.9% at 20-30 cm and 27.8% at 30-50 cm (Table 1) . Ammonium (N-NH 4 + ) was the most abundant form of N in the soil whereas only traces of nitrate (N-NO 3 − ) were detected.
Concentrations of N-NH 4
+ decreased with soil depth and remained quite stable during the experiment. N-NH 4 + concentrations averaged about 18.24 mg kg −1 at 0-10 cm, 10.48 ± 0.74 mg kg −1 at 10-20 cm and 7.28 ± 0.60 mg kg −1 at 20-30 cm and then dropped to 4.82 ± 0.46 mg kg −1 at 30-40 cm and 2.90 ± 0.43 mg kg −1 at 40-50 cm of soil depth. N-NO 3 concentrations were about 0.3 mg kg −1 at 0-10 cm of soil depth and then became barely detectable (0.03-0.04 mg kg −1 ) from 10 to 50 cm (Table 1) .
Labeling of the NH 4 + pool, the dominant N form, was detected within 1 week (16 April) from the first 15 N tracer application, with an average value of 0.468 ±0.032 atom% between 0 and 30 cm of soil depth. From 22 April to 7 May, the abundance of the NH 4 pool was relatively stable with an average value of 0.856 ± 0.065 atom% between 0 and 30 cm of soil depth. Bud burst and shoot growth On 10 April (DOY 100), the buds were still dormant; they started to swell on 14 April (DOY 104) in trees N1 and N2 but remained dormant in tree N3 (Figure 2 ). Between 22 and 30 April (DOY 112 and 120), the buds broke and unfolded leaves appeared on trees N1 and N2, whereas the buds had only just broken on tree N3. By 7 May (DOY 127), bud burst was completed and the leaves were unfolded in all three oak trees. The leaves and twigs continued to develop and full leaf expansion was achieved in all three trees by 15 June, 63 days from bud burst (DOY 166), as confirmed by the maximum LAI (Figure 2) .
Total concentrations and partitioning of N within the new shoots
Before bud burst in all three trees on DOY 106, total N concentrations in dormant buds were higher than in twigs ( Figure  3a ) and represented 57% of the total N in the shoot ( Figure  3b ). On DOY 112, N concentrations in unfolded leaves were higher (4.20 ± 0.05% DM) than in the remaining buds (1.95 ± 0.20% DM) and twigs (1.62 ± 0.35% DM) and represented 56% of the total N in the shoot (Figure 3b ). On DOY 120, N concentration in leaves was slightly lower than on DOY 112 and N concentration in new twigs averaged 3.11 ± 0.13% DM. On DOY 166, when all the leaves were fully expanded, N concentrations in all shoot compartments combined were significantly lower than in unfolded leaves only (DOY 112). At this date, N concentrations in leaves, new twigs and buds respectively represented 74, 22 and 4% of the total N in the shoot (Figure 3b ).
RSA N and partitioning of new N within new shoots
On DOY 112, newly absorbed N (new N) accounted for <1% of the total N in unfolding leaves, in developing twigs and in remaining buds (Figure 4a ). The fraction of new N RSA N increased to ~6% on DOY 120 in both unfolded leaves and twigs. When bud burst was achieved (DOY 127), new N accounted for 18% of total N in leaves, 14% in new twigs and 10% in buds. On DOY 166, new N accounted for 27% of total N in fully expanded leaves and for 19% in both twigs and 2009 buds (Figure 4a ). Partitioning of new N within the new shoot (Figure 4b ) was similar to that of total N (Figure 3b ). At the early growth stage (DOY 106), new N was mainly located in dormant buds (62%) and only represented ~ 38% in twigs. From DOY 112 to 166 (full leaf expansion, P = 0.002), new N was increasingly allocated to growing leaves (from 58 to 80%) while new N allocated to developing twigs decreased over time (from 32 to 17%, P = 0.004, Figure 4 and Table 2 ).
N sources for shoot growth in adult sessile oak 1395 Figure 5 illustrates the correlation between total leaf N and the fraction of newly incorporated N (RSA N , %) in leaves during the sampling period. Total leaf N concentrations were negatively correlated to RSA N (r 2 = 0.89). Total leaf N was at its highest concentration (4.2%) when RSA N was only about 0.5%, and both evolved inversely during leaf development. At full leaf expansion in June, total N concentrations dropped to 2.27% whereas RSA N reached 27%. Such a strong correlation was not found for the other compartments.
Total N concentrations and RSA N in phloem sap
From bud burst to full leaf expansion, total N concentration decreased significantly (P = 0.009) in the phloem sap collected at a height of 1.3 m on the stem (Figure 6 ). New N appeared shortly after the first 15 N labeling application. RSA N was 4 ± 2% on DOY 112, increased to 11 ± 1% on DOY 120, to 17 ± 3% on DOY 127, and then dropped to 9 ± 1% on DOY 166 when the leaves were fully expanded (P = 0.005, Figure 6 and Table 2 ).
Discussion
Soil N form for root uptake
In temperate forest ecosystems, tree N demand is met mainly by ammonium (NH 4 + ) and nitrate (NO 3 − ) mostly taken up by mycorrhizal roots from the organic and mineral soil layers (Glass and Siddiqi, 1995) . During our experiment, soil organic N was mineralized to NH 4 + but was not further transformed into NO 3 − . About 22 mg m −2 of 15 N-NO 3 − was sprinkled weekly on the soil surface while only 25% of applied N-NO 3 (5 mg m −2 ) was recovered as extractable N throughout the experiment. Such a result led us to hypothesize that applied nitrate was either rapidly taken up by the trees during spring growth or immobilized by microorganisms. Microbes are stronger competitors for applied nitrate than oak roots because they are present in the whole soil volume. If microbes do indeed immobilize and transform applied nitrate, this would considerably reduce the amount of nitrate available for the trees. Even though we did not measure gross N flux, nitrification is apparently rather low in the mineral soil at our site. According to the main soil and site characteristics, ammonium is the dominant mineral N form. Thus, it would not be surprising that NH 4 + was the predominant source for root uptake by sessile oak trees between April and May. NH 4 + concentrations decreased with soil depth but varied little during the 5 weeks of 15 N tracer applications from April to May (results not shown). Covering with the plastic sheet prevented changes in soil moisture, and moisture content has been recognized as an important driver for N mineralization in forest soils (Andrianarisoa et al. 2009 ). On the other hand, the plastic sheet may have limited gas exchange between the soil and the atmosphere, and this may have affected soil microbial activity. The slight variations in the 15 N atom% of 1396 El Zein et al. Table 2 . Analysis of variance in the effects of tree and date on total N, RSA N and partitioning of new N within buds, leaves and twigs. P values and levels of significance are indicated: ns, non-significant; *P < 0.05; **P < 0.01 and ***P < 0.001. NH 4 + from 22 April (DOY 112) to 7 May (DOY 127) that we observed could be the result of a steady state between mineralization and root uptake. These variations also led us to expect a high rate of turnover in the NH 4 + pool, with perhaps 80% of the applied label taken up or otherwise utilized (e.g., by other organisms) during those 5 weeks. Within this time frame, the weekly tracer application allowed us to maintain optimal conditions for such an experiment. Nevertheless, we cannot exclude uptake of organic N compounds like amino acids as shown by GalletBudynek et al. (2009) ; however, with respect to the site conditions (soil type, pH and climate), this would probably be a source of negligible N.
Nitrogen content of current-year shoot leaves
Leaves on current-year shoots contained high N concentrations that declined progressively from the beginning of leaf unfolding in April until full expansion in June. The same tendency has been observed for Sitka spruce and sycamore tree leaves (Millard 1994) . In the evergreen Japanese oak (Quercus glauca Thunb.) and the deciduous Japanese maple (Acer palmatum Thunb.), leaf N concentration was high at the beginning of leaf expansion and then decreased to reach a steady state after full leaf expansion (Koyama et al. 2008) . In 26-year-old oak (Quercus serrata Thunb. ex. Murray), leaf N concentration was the highest in May just after bud burst, then decreased gradually toward early June and tended to remain relatively constant until the beginning of leaf senescence (Migita et al. 2007 ). The decline in leaf N concentration during leaf expansion essentially results from the dilution of N by increasing C biomass (Chapin 1980) . However, this decline could also result from changes in the amount and kind of protein synthesized in leaves over time. A progressive decrease in N incorporation into the ribulose bisphosphate carboxylase-rich fraction has indeed been demonstrated on rice plants through the use of 15 N labeling by Mae and Ohira (1982) .
Nitrogen sources for current-year shoot growth
In our study, the appearance of 15 N in buds, leaves and twigs from bud burst to the completion of shoot growth was used to determine when the uptake of soil N by roots started to contribute to spring growth. In April, N uptake was limited by low soil temperatures, which affected the mineralization rate and root activity, and by the absence of transpiring leaves. Two days from the beginning of bud burst (16 April), the 15 N tracer was allocated to swollen buds and twigs (<1%) and continued to increase thereafter, demonstrating that in adult sessile oak, N uptake started early and participated, to a small extent, in providing N for bud burst and shoot growth. This early N uptake from the soil could be related to sessile oak hydraulic properties. As a ring-porous species, sessile oak achieves 30% of annual radial stem growth before leaf expansion in spring (Bréda and Granier 1996) . During our experiment, stem growth started on DOY 103, as detected by automatic microdendrometers (data not shown); thus, early wood growth had already started before the first labeling application. This type of phenology is associated with winter embolism of the large xylem vessels (Cochard et al. 1992) , and indicates that water flow pathways are restored each spring before the onset of transpiration (Bréda and Granier 1996) . This makes early root N uptake from soil possible as soon as a threshold soil temperature is reached. Even once the water flux is restored, notwithstanding root function limitations, nutrient transport through the xylem toward new shoots is not really efficient since new flushing leaves are too small and immature to transpire enough to ensure high water and nutrient movement inside the tree. All these reasons might explain the low contribution of newly absorbed N to N accumulation during oak regrowth.
By contrast, N remobilization from storage organs to growing tissues within the tree crown is not influenced by N availability and uptake from the soil (Millard and Proe 1991 , Wendler et al. 1995 , Millard 1996 , Frak et al. 2005 . In our study, remobilized N was the main contributor to spring growth of the shoots on 50-year-old sessile oaks and accounted for ~90% of total N in leaves and twigs at the early growth stages (DOY 120). Previous studies have also found that remobilized N contributed significantly to leaf expansion in young temperate tree species, accounting for >60% of total leaf N in white birch (Wendler and Millard 1996) and sycamore maple (Millard and Proe 1991) , for >75% and almost 90% in the lateral and top leaves of Japanese oak (Q. serrata) (Ueda et al. 2009) , and for 80% of total N in pedunculate oak leaves (Vizoso et al. 2008) . Evidently, in mature oak trees, shoot growth is also mostly dependent on N reserves, especially at the first stage of bud burst. The high foliage biomass (~7 kg of dry matter per treenot shown) in 50-year-old trees implies a high supply of stored N. In fact, storage capacity increases with age due to the increase in sapwood biomass, as demonstrated for C storage (Genet et al. 2010) . Therefore, internal cycling of N becomes increasingly more important for the overall N economy of mature trees (Miller 1986) .
Nitrogen remobilization can typically occur for 20-30 days before the roots become active for N uptake, e.g., in apple (Neilsen et al. 1997; Guak et al. 2003) , poplar (Millard et al. 2006) , cherry (Grassi et al. 2002) , pear (Tagliavini et al. 1997) and spruce (Millard and Proe 1993) . In a few species (e.g., the mountain ash Sorbus aucuparia), root uptake of N did not start until N remobilization ended (Millard et al. 2001) . However, in other deciduous trees such as walnut (Frak et al. 2002) and silver birch and in evergreen trees such as Scots pine (Millard et al. 2001) , concomitant N remobilization and uptake from the soil was observed. In our study, early new growth in mature sessile oak is less decoupled from soil N uptake compared with some other tree species. When bud burst was achieved (DOY 127) , N assimilated from root uptake accounted for 18% in leaves and 14% in twigs and increased respectively to 27 and 18% when full leaf expansion was reached in June. This is consistent with the results of Millard and Proe (1991) and Grassi et al. (2002) , who found that after the end of bud burst, the source of N for leaf growth switches from predominantly internal N remobilization to root uptake.
Nitrogen partitioning within shoot compartments
Newly assimilated N within oak shoots was higher in leaves (68%) than in twigs (28%) from the early stages of spring growth in April until full leaf expansion in June. Leaves were also the major sink for new N during the first 6 weeks of growth in 2-year-old beech trees (Dyckmans and Flessa 2002) . In fact, the distribution of N compounds into each organ is strictly controlled by sink activity (Osaki et al. 1995) . Leaves are the major organ for N accumulation during the vegetative period (Millard and Thomson, 1989) and their development creates a high sink for N. High N partitioning to leaves is essential for photosynthetic activity (Evans and Seemann 1989) as a large part of leaf N (up to 75%) is present in the chloroplasts, much of it in thylakoid membranes and soluble proteins of the Calvin cycle, in particular the enzyme Rubisco (Evans 1989) .
Nitrogen translocation within phloem sap
The N is transported from roots to new shoots in trees through long-distance transport. In such long-distance transport of N, phloem can contribute significantly with xylem to the allocation of N to the new shoots, notably through bidirectional exchanges of N compounds between the phloem and xylem vessels, as demonstrated in several herbaceous and woody species (Pate and Layzell 1981, Gessler et al. 2003) . A functional link between xylem conductance and phloem, mediated by the active exchange of ions from phloem to xylem via living parenchyma cells, would explain the magnitude of these exchanges in the hydraulic architecture of trees (Zwieniecki et al., 2004) .
In the present work, we did not assess xylem sap changes to limit sampling shots and to prevent harmful crown damage. Moreover, we were not certain that the xylem circulation in oak branches was fully restored at this time of the year. Our results show that the RSA N in the phloem sap of oak trees increased during bud burst (DOY 106-127), a period characterized by a high N demand for growth, and then decreased when the leaves were fully expanded by mid-June (DOY 166). In fact, the translocation of mineral and/or organic N occurs via the xylem and is largely controlled by the direction of the transpiration stream. During spring tree growth, bidirectional exchanges of N compounds between the phloem and xylem , 2003 could explain the observed increase in RSA N during bud burst. Such a result tends to reinforce the role of phloem in transporting absorbed N at the early spring stage in adult oak, while xylem is not fully rebuilt. There are few chances that the early appearance of 15 N in the stem phloem sap was due to a mineral assimilation of N at the foliar level, at least during the first 3 weeks, because the percentage of new N in the phloem far exceeded the percentage of new N in the leaves during the same period, and expanding leaves are more likely to be sinks for phloem transport rather than sources. So we can reasonably conclude that mineral N assimilation occurred exclusively in the roots for the first few weeks after bud burst.
Later on, at the end of leaf expansion, the new N in phloem sap could also have originated from mineral N assimilated at the foliar level. The extent of NO 3 reduction in roots and shoots in woody plants has been shown to be dependent upon the N form, and if NH 4 is present in the root medium of trees, NO 3 reduction can be suppressed (Thomas and Hilker, 2000) . The fact that ammonium (N-NH 4 + ) was the most abundant form of N in the soil, whereas only traces of nitrate (N-NO 3 − ) were detected, precludes a massive assimilation of nitrate at the foliar level in our study trees. The decrease in RSA N in the phloem sap that occurred when the leaves were fully expanded (DOY 166) could be partly explained by dilution with nonlabeled N since we stopped the labeling on DOY 127. This dilution in the phloem sap could also have been caused by the leaves re-releasing old N, due to a high turnover in Rubisco. This hypothesis is strengthened by the fact that leaf N concentrations decreased as new N concentrations in the total N increased (see Figure 5 ).
In conclusion, stored N was the major source of N for growth of the current-year shoots on 50-year-old sessile oak trees. Nitrogen uptake by the roots was concomitant with N remobilization and increased only after the end of bud burst. Our findings underline the importance of N reserves for spring growth in adult sessile oak trees. Further studies are required to investigate the relative contribution of storage organs such as roots, stem and branches to the remobilization of N for spring growth. The form of remobilized N (protein or non-protein fraction) primarily allocated to the growing sites also needs to be assessed, as does the contribution of newly assimilated N to N storage for the next season.
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